INTRODUCTION
============

Microarrays enable us to investigate the expression of thousands of genes simultaneously, providing a comprehensive overview of the gene activities in a given tissue. The results of such experiments are usually presented as lists of (differentially expressed) genes. A number of statistical tests have been employed for assessing differential gene expression ([@B1]) and several ontological tools are available ([@B2; @B3; @B4; @B5; @B6]) to support the biological interpretation of these data. Most are based on the identification of significant associations of gene ontology terms ([@B7]) with groups of genes, but this does not directly reflect metabolic networks. With the availability of biological pathway databases such as the kyoto encyclopedia of genes and genomes (KEGG) ([@B8]) or MetaCyc ([@B9]), several resources have been developed to visualize and analyse microarray data in the context of known biological networks ([@B10; @B11; @B12; @B13; @B14; @B15; @B16; @B17]). However, some limitations still remain, as current pathway databases are limited to organisms with well-annotated genomes and most of the analysis tools only attempt to match expression data to entire pathways without considering sub-pathways.

PathExpress overcomes some of these limitations, and provides a user-friendly web-based tool to interpret gene expression results from microarray experiments in the context of biological pathways. Based on the publicly available KEGG Ligand database of chemical compounds and reactions in biological pathways ([@B18],[@B19]), PathExpress can be extended to any organism, as it uses similarity between the probe set sequences of supported genome arrays and the sequences of genes with known Enzyme Commission (EC) numbers in order to link probe sets to the metabolic networks. To take into account how reactions are linked in a pathway, sub-pathways are defined as a chain of reactions linked to each other by a common compound (substrate or product) ([Figure 1](#F1){ref-type="fig"}). Two statistical approaches can be considered to perform a pathway analysis. The first compares a gene list to a pathway using a chi-squared test, a Fisher exact test or the hypergeometric distribution to calculate the probability of a specific number of genes from one pathway. The second is based on the analysis of all genes present on the genome array and measures the significance of pathway-level statistics computed from the gene-level statistics, using gene set enrichment analysis ([@B20]), random forests methods ([@B21]), Hotelling\'s T-square statistics ([@B22]) or random-set methods ([@B23]). With the aim of providing some flexibility to the user in defining his genes of interest, PathExpress compares a submitted list of genes to the genes involved in annotated pathways. The significantly overrepresented sets of reactions (pathways or sub-pathways) in the query list of genes are identified using a hypergeometric distribution test as developed in the BlastSets system ([@B2]). As the comparisons are based on enzyme compositions rather than single probe assignments, problems that arise from a multiplicity of genes coding for the same enzyme are largely overcome and the functional activities become apparent. In addition, an automatically generated graphical representation of the metabolic pathways allows the visualization of differential gene expression in a functional context. Figure 1.Representation of metabolic pathways and sub-pathways. The directed graph contains two types of nodes, compounds (labelled with their KEGG identifier and represented as ellipses) and reactions (labelled with the EC number of the enzyme involved and represented as boxes). Greyed reactions show that the corresponding enzyme has been identified in a given genome array. Directed arcs between two different nodes represent the consumption or the production of compounds by a reaction. The presented pathway contains eight enzymes with probe sets assignments. Two sub-pathways can be considered, containing three and four enzymes (surrounded by a black line).

PathExpress is freely available at <http://bioinfoserver.rsbs.anu.edu.au/utils/PathExpress/>.

METHODS
=======

Data representation
-------------------

PathExpress is based on a directed graph to model enzymatic reactions in the context of biological pathways ([Figure 1](#F1){ref-type="fig"}). Two types of nodes are used to represent compounds and reactions that can be mediated by one or more enzymes. Directed edges, connecting these different nodes, correspond to the consumption or the production of compounds by the reactions. The data used to build this network is derived from the Compound, Reaction and Enzyme sections of the publicly available KEGG Ligand database ([@B18],[@B19]).

To link gene expression data to pathways, PathExpress uses pre-computed assignments of the probe sets of supported genome arrays to EC numbers, identifying enzyme entries. These assignments are based on sequence similarities with proteins retrieved from the Swiss-Prot database ([@B24]). Blastx ([@B25]) is used to find the best match (E-value ≤ 10^−8^) for the sequences representing each probe set sequence (i.e. sequences derived from the most 5′ to the most 3′ probe in the public UniGene cluster) of the genome array analysed. If these entries have been annotated as an enzyme, the probe set is assigned to the corresponding EC number, extracted from its definition line. Note that probe sets that cannot be assigned to EC numbers are excluded from further analyses, and although this limits the number of usable probe sets, it also eliminates much of the ambiguity that arises from multiple (iso) genes encoding the same enzymatic function. This strategy can be applied to any set of sequences.

As of March 2007, data from eight Affymetrix Genome Arrays are available in PathExpress ([Table 1](#T1){ref-type="table"}). They were selected because of their importance as model organisms for various taxonomic groups or their economic interest, even if they don\'t have a well--annotated genome. Additional species could be included upon request. Table 1.Available Affymetrix genome arrays and assignment statisticsAffymetrix Genome ArrayOrganismSequences[^a^](#TF1){ref-type="table-fn"}Assigned sequences[^b^](#TF2){ref-type="table-fn"}EC[^c^](#TF3){ref-type="table-fn"}ATH1 Genome Array*Arabidopsis thaliana*22 7655 177823Drosophila Genome 2.0 Array*Drosophila melanogaster*18 9523 107724E. coli Genome 2.0 Array*Escherichia coli*10 2082 245803Human Genome U133 Plus 2.0 Array*Homo sapiens*39 0703 332658Medicago Genome Array*Medicago truncatula*50 9008 981953Rice Genome Array*Oryza sativa*57 19410 068923Soybean Genome Array*Glycine max*37 6186 502803Yeast Genome 2.0 Array*Saccharomyces cerevisiae*5 8141 471601Yeast Genome 2.0 Array*Schizosaccharomyces pombe*5 0281 333566[^1][^2][^3]

Microarray data analysis
------------------------

To interpret gene expression results from microarray experiments, PathExpress detects if the genes associated with a pathway or sub-pathway are statistically over-represented in a set of sequences, when compared to the rest of the genome array. When a list of identifiers has been submitted, PathExpress first assigns them to EC numbers according to pre-computed relationships. The proportion of submitted EC numbers is then tested for every (sub) pathway. For each test, a *P*-value, representing the probability that the intersection of the given list with the list of enzymes belonging to the given set of reactions occurs by chance, is calculated using the hypergeometric distribution ([@B26]). Because multiple hypothesis tests are performed, it is necessary to correct these *P*-values. Two adjustment methods are available in PathExpress; the conservative Bonferroni correction method ([@B27]) in which the *P*-values are multiplied by the number of comparisons and the less stringent False Discovery Rate (FDR) approach ([@B28]) defined as the determination of the expected proportion of false positive results among all rejected hypotheses.

SYSTEM IMPLEMENTATION
=====================

The PathExpress web server runs on a Linux server (2 Intel 4 3.20 GHz, 1 GB RAM). It combines a PostgreSQL database management system to store the data with a dynamic web interface based on PHP and Perl. Data pre-processing is implemented in Perl, statistical analyses are performed using Perl and the R statistical package and graphical representations are generated using GraphViz software (<http://www.graphviz.org>).

An analysis of 1000 identifiers (i.e. comparison to sub-pathways with FDR adjustments) takes less than 2 s and the automatic generation of a graphical representation takes less than 1 s.

WEB INTERFACE
=============

Input
-----

The input data for PathExpress consists of a list of genes of interest (Affymetrix probe set identifiers and/or GenBank accession numbers) present in the selected genome array. Other parameters can be specified: the type of comparison (pathway or sub-pathway), the *P*-value significant threshold and the adjustment method for multiple testing.

Output
------

The PathExpress output contains the list of pathways or sub-pathways that are significantly associated with the enzymes in a list of submitted sequence identifiers ([Figure 2](#F2){ref-type="fig"}a). Metabolic pathways are ranked by increasing *P*-values whereas sub-pathways are grouped according to the pathway to which they belong. In each case, those that are significant (according to the *P*-value threshold defined by the user) are highlighted. Each pathway can be displayed as an automatically generated graphical representation ([Figure 2](#F2){ref-type="fig"}b) and as an enumeration of reactions. On these pictures, reactions are highlighted if the according enzyme was identified in the genome array (in grey) and in the submitted list of identifiers (in yellow). The name of the compounds and the definition of the reactions are displayed as a tool-tip when the mouse is over any of the nodes in the graph. In addition, compounds are linked on the corresponding KEGG entry. If the user clicks on a reaction node, a new page containing the description of the enzymes associated with the list of probe sets assigned in the selected genome array is opened ([Figure 2](#F2){ref-type="fig"}c). Blast results used for the EC assignments are available for each probe set in its 'detail' page. Figure 2.Screenshots of the PathExpress web interface. (**a**) The list of metabolic pathways whose enzyme composition intersects with the enzymes corresponding to a list of submitted identifiers, ordered by increasing *P*-value. Each row reports information concerning the pathway\'s name and the number of enzymes. The comparison of groups is reported with the number of submitted enzymes involved in the pathway and the *P*-value for finding the group by chance, associated with the corresponding adjusted *P*-value. The significant pathways are highlighted in red ('carbon fixation', 'glycolysis/gluconeogenesis' and 'pentose phosphate pathway' in this example). (**b**) Graphical representation of the glycolysis/gluconeogenesis pathway for enzymes identified in the Affymetrix ATH1 Genome Array (*Arabidopsis thaliana*). Reactions mediated by enzymes found in the genome array are highlighted in grey whereas those where the enzymes are also present in the query are highlighted in yellow. (**c**) Example of the detail page of an enzymatic reaction. Each enzyme is reported with its EC number linked to the KEGG database (Entry), its recommended and alternative names, the pathways in which this enzyme is involved (glycolysis/gluconeogenesis in this example) and the list of probe sets assigned. For each probe set, the identifier and description of the best match in Swiss-Prot is displayed. The 'detail' button is linked to the complete blast report. The corresponding row is highlighted in yellow if the probe set belongs to the submitted list of identifiers.

All results can be downloaded as tab-delimited text files for further statistical analyses. Pictures representing the pathways can be saved in png or dot format and visualized locally using the GraphViz software. To enhance the visualization of the expression of individual probe sets, all resources (EC assignments and pictures with xml descriptions) are available to be imported into MapMan ([@B17]). Although initially developed for the *Arabidopsis thaliana* array, MapMan has been extended to other organisms, and classification including the Affymetrix arrays of the plants is presented in [Table 1](#T1){ref-type="table"} ([@B29]).

COMPARISON WITH EXISTING TOOLS
==============================

To illustrate the novelty and utilities of PathExpress, we compare it with existing web-based pathway analysis tools ([Table 2](#T2){ref-type="table"}). Except for the KOBAS server, these tools are limited to organisms with well-annotated genomes. Indeed, the KOBAS server annotates a set of genes with KEGG Orthologous (KO) terms to link them to KEGG pathways ([@B13]). To overcome the problems that arise from a multiplicity of genes coding for the same enzyme and thus to provide a robust pathway identification, PathExpress focuses on chemical compounds and reactions in the KEGG Ligand database. It uses pre-computed assignments of probe set sequences to EC numbers and thus can be extended to any organism or set of sequences. Another limitation of these tools is that they define a metabolic pathway as a set of genes without considering the relationships between the reactions within a pathway. To take into account these relationships, we defined a sub-pathway as a chain of enzymatic reactions linked to each other by a common compound (substrate or product) within a pathway ([Figure 1](#F1){ref-type="fig"}). This strategy allows us to identify the most relevant sets of reactions (pathways or sub-pathways) associated with a subset of genes. Table 2.Comparison of PathExpress with existing toolsSoftwarePathwaysInputOutputCommentsReferencesPathExpressKEGGList of identifiers (Affymetrix identifiers and/or Gene accession numbers)Statistically significant pathways and sub-pathways with graphical visualisationAffymetrix data but extendable to any organism or set of sequencesArrayXPath IIGenMAPP, KEGG, BioCarta, PharmGKBClustered gene expression profileStatistically significant pathways with graphical visualisation*Homo sapiens*, *Mus musculus*, *Rattus norvegicus*([@B10])KOBASKEGGList of KO identifiersStatistically significant pathwaysAnnotation of a set of genes or proteins with KO terms([@B13])PathMAPAKEGG, TAIR, NCBI, GOExpression data file (GenePix, Affymetrix)Statistically significant pathways, enzymes, genes with graphical visualisation*Arabidopsis thaliana*([@B14])PathwayExplorerKEGG, BioCarta, GenMAPPExpression data file (Tab-delimitated)Statistically significant pathways with graphical visualisationWell-annotated genomes([@B15])Pathway MinerGenMAPP, KEGG, BioCartaList of Gene Accession numbers with gene expression valuesStatistically significant pathways with graphical visualisation*Homo sapiens*, *Mus musculus*([@B16])

CONCLUSION
==========

We have developed PathExpress, a web-based tool for finding the pathways relevantly affected in gene expression experiments. The focus on enzymes results in robust pathway identification. PathExpress can also correctly identify partial pathways, and provides a graphical representation for their visualization. Based on the KEGG Ligand database and on a pre-computed assignment of probe sets to EC numbers, PathExpress can be extended to any organism or set of analysis sequences (e.g. custom DNA microarray, proteome array) and hence provides a useful resource for the integration of transcriptomic and proteomic data sets.

In the near future, additional species will be included in PathExpress. The process of assigning probe sets to EC numbers will be improved by taking into account the domain composition of the protein and by using enzyme-specific profiles. We also consider applying other pathway-based tests to analyse all genes from expression data. Finally, we intend to further develop the system by extending its application to the analysis of metabolomic results, since compound information is already included in the metabolic network representation.
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